Introduction
In several recent years, air quality became the most important issue for the environmental protection agencies and organisations all over the world (Lu et al. 2008) . Significantly exceeded air quality standards are common for cities in China: i.e. Beijing, Shanghai, Baoding, Xingtai, Shijiazhuang (Shao et al. 2006; Jiming et al. 2007; Kan et al. 2012 ; China names ten most polluted cities 2015; Zhou et al. 2015) , India: i.e. Delhi, Raipur, Kanpur, Agra (Beig et al. 2013; Pant et al. 2016) , Saudi Arabia: i.e. Riyadh, Dammam (Munir et al. 2016) , as well as in Europe: Bulgaria (Dimitrovgad, Dolny Voden, Montana), Czech Republic (Havirov, Cesky Tesin, Orlova) or even Italy (Soresina, Settimo Torinese, Brescia) (WHO 2016) . The improvement of the air quality is the huge challenge not only for Kraków, but also for many other Polish cities (i.e. _ Zywiec, Pszczyna, Rybnik, Sucha Beskidzka). The most recent WHO report specified that as many as 33 cities of the 50 most polluted ones in EU were located in Poland, and Kraków occupied position no. 11 on the list (WHO 2016) . Owing to the growing ecological awareness among the residents, who do not agree to live in such arduous conditions affecting their health and wellbeing, the air quality issue has became widely publicised. According to EEA statistics, air pollution in Poland causes around 44,600 premature deaths a year attributable to PM2.5; 1100 to O 3 ; and 1600 to NO 2 (EEA 2015) .
Air pollutants bring negative health effects, mainly in the respiratory tract and cardiovascular systems (Peters et al. 2001; Brunekreef and Holgate 2002; Pope et al. 2002; Brook et al. 2004; Haining et al. 2007) , including increased death rates in populations (Samet et al. 2000; Polichetti et al. 2009; Lippmann et al. 2013; Wang et al. 2014) . It is also suggested that birth weight is associated with air pollution during pregnancy (Ribeiro et al. 2014 ). Considerable attention is paid to suspended dust pollution, not only due to its respirability, but also owing to the possibility of causing additional negative health consequences relating to the chemical and biological composition of dust (Gemenetzis et al. 2006; Lu et al. 2008; Oeder et al. 2012) . Trace elements (mainly As, Cd, Pb, and Hg), adsorbed at large specific surface areas of dust particles, are responsible for inflammations, lung and heart diseases, as well as DNA damage (Taner et al. 2013; Satsangi et al. 2014; Taiwo et al. 2016) . Such ailments are observed especially in Kraków.
Lowering the air pollution to permissible levels, in case of cities like Kraków, it will take at least few, more likely over a dozen years. The risk assessment will give inhabitants the information, which activities and when should be avoided for their health, while no other actions are possible at present (except the change of the place of living). Still, health risk analyses for inhabitants owing to exposure of contaminants inhalation are not common. If any, such analyses are performed in developed countries i.e. Japan (Iwai et al. 2005) , France (Morelli et al. 2016) , Spain (López et al. 2017) , United States (Wilson et al. 2015) or Switzerland (Vienneau et al. 2015) , which inhabitants are aware of risks from environmental health hazards.
The author's research indicates that no health risk assessments have been conducted in respect of the Kraków residents, in connection with polluted air breathing. Trojanowska and Ś wietlik (2012) carried out tests relating to environmental exposure to heavy metals and the cancer risk associated with inhalation of benzo [a] pyrene (2013) in the selected Polish cities (not Kraków). Besides, air pollution studies were also conducted in Kraków, e.g. by Samek (2009) , Worobiec et al. (2010) , Styszko et al. (2015) , , (not the risk assessment). Taking above under consideration, on the basis of the available data for Kraków the preliminary risk assessment was calculated to indentify the risk value, define missing information for the future complete risk analyse. Author believes that detailed health risk assessment owing to polluted air inhalation with society involvement can affect the Kraków's descendants to improve the air quality as soon as possible.
Air pollution has been a considerable problem in the city of Kraków for several dozens of years. Between the 1950s and the 1980s, the rates of gaseous and dust air pollution constantly increased, which was associated with the development of industry and the operation of combined heat and power plants and steelworks in Kraków. However, we have to have in mind that since then also increasing number of inhabitants with coal fired heating installations in their houses contributed to a gradual deterioration of the air quality in Kraków. Decentralization of the government and privatization processes starting in the 1990s, decrease of industrial production, together with the implementation of new low-emission control technologies, led to continuous decline of pollution rates (Oudinet et al. 2006) . However, the concentrations of PM, NOx, O 3 in Kraków, caused nowadays by power plants, low emissions (Jędrychowski et al. 2005 (Jędrychowski et al. , 2013 , and traffic (Oettl et al. 2003; Dziugieł et al. 2012; Adamiec et al. 2016; Oleniacz et al. 2016a) , remain still much too high. Moreover the unfavorable meteorological conditions i.e. the low wind speed and low mixing-layer height worsen the air quality in Kraków, especially in winter months (Oleniacz et al. 2016b) . Several research projects confirmed high cardiovascular and respiratory system disease incidence, mainly of asthma and allergies (Indulski and Rolecki 1995; Jędrychowski 2000; Jędrychowski et al. 1997 Jędrychowski et al. , 2003 Jędrychowski et al. , 2015 , and increased mortality rates (Katsouyanni et al. 1996 (Katsouyanni et al. , 1997 (Katsouyanni et al. , 2001 Krzy_ zanowski and Wojtyniak 1991; Wiwanitkit 2008) .
The air quality testing has been conducted in Kraków under the framework of the State Environmental Monitoring System by the Regional Environmental Protection Inspectorate (WIOŚ ). In Poland air-quality test results are referred to the allowed pollution norms, determined on the basis of the respective Polish and EU legal regulations. The WIOŚ system is distributed over 6 air-quality monitoring stations under both automatic and manual regimes. Until December 2015, three monitoring stations were operating ( Fig. 1) : Krasińskiego Av. (Point D in Fig. 1 
Materials and methods
The health risk relating to inhalation exposure in Kraków, described in this paper, constitutes a preliminary study due to the availability of a high proportion of estimated data which increase uncertainty in research. However, in the author's opinion, such studies are still extremely important which will be demonstrated below. Our risk analysis refers to mean values of atmospheric air pollution rates, obtained at the airquality monitoring stations in Kraków from January 2007 to May 2016. Specific results were made available on-line at WIOŚ website: http://monitoring.krakow.pios.gov.pl/.
Pollutant concentrations
The pollutant concentrations in the atmospheric air were obtained from the online database of the Regional Environmental Protection Inspectorate in Kraków. The measurement data were used to calculate the arithmetic mean and the 95th percentile of the pollution value of [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] (measurement data were analysed until May 2016), separately for each monitoring station and for the six monitoring stations in Kraków together of ( Table 1 ). The present risk analysis does not take into account the pollution rates (measured by the state monitoring system), for which SF or RfD values (see Sect. 2.2 below) have not been determined. The concentration values of the selected pollutants calculated in that way were used to estimate the risk values.
Health risk assessment
The health risk evaluation for the inhalation pathway exposure to pollution was determined by the US EPA (2007) methodology. Our analysis took into account the pollution rates covered by the Regional Monitoring System and included in the toxicological databases, specifying the Slope Factor (SF) values for carcinogenic pollutants and 
2012, Item 1031)
nd not defined Reference Dose (RfD) values for non-carcinogenic ones. The values were treated as either carcinogenic or noncarcinogenic, in respect of As, Pb, Cd, Ni, and C 6 H 6 . Both types of risk rates were calculated here. Non-carcinogenic substance risk rates were calculated for PM10 and NO 2 and carcinogenic ones for BaP, BaA, BbF, BkF, BjF, and DBahA. However, no SF or RfD toxicological parameters were found in the toxicological databases for the remaining types of pollution tested by the Regional Monitoring System in Kraków.
Estimated daily intake
The estimated daily intake was determined according to four subpopulations identified, i.e. adult men and adult women ([7 years old), children (1-7), and infants (0-1). The following formula (1) (ATSDR 2005) was applied to calculate daily intake rates of each subpopulation:
where EDI Estimated daily intake (mg/kg body weight per day), C Contaminant concentration (mg/m 3 ), IR Intake rate (m 3 /day), AF Bioavailability factor (unitless), F Frequency of exposure (days/year), ED Exposure duration (years), BW Body weight (kg), AT Averaging time (ED 9 365 days/year) (days).
The estimated daily intake was calculated with the use of the following numerical values: IR = 20 m 3 /day for an adult, 10 m 3 /day for a child, and 4.5 m 3 /day for an infant; AF = 1, with the assumption that 100% of inhaled pollution is bioavailable, F = 365 days/year; ED = 30 years for an adult, ED = 6 for a child, and ED = 1 year for an infant; BW = 65.4 kg for a woman, 78.1 kg for a man, 16 kg for a child, and 10 kg for an infant. The parameters concerning the body weight were taken from Trojanowska and Ś wietlik (2012) . All other parameters used in our calculations were specified by the US EPA (2013).
Carcinogenic risk of outdoor air inhalation
The following formula (2) (US EPA 2007) was applied to calculate the risk values of the carcinogenic substances:
where R Cancer risk (unitless), EDI Estimated daily intake (mg/kg body weight per day), SF Inhalation Slope Factor [(mg/kg body weight per day) -1 ]. The Slope Factor (SF) values, used in our calculations, were as follows: [(mg/kg body weight per day)
-1 ] (CalEPA 2016): Pb = 4.20E-02; As = 1.2E ? 01; Cd = 1.5E ? 01; Ni = 9.1E-01; BaP = 3.9E ? 00; BaA = 3.9E-01; BbF = 3.9E-01; BkF = 3.9E-01; BjF = 3.9E-01; DBahA = 4.1E ? 00; C 6 H 6 = 1.00E-01.
Non-carcinogenic risk of outdoor air inhalation
The following formula (3) (US EPA 2007) was applied to calculate the risk values of the non-carcinogenic substances:
where HQ hazard quotient (unitless), EDI Estimated daily intake (mg/kg body weight per day), RfD Reference Dose (mg/kg body weight per day). The Reference Dose values (RfD) were as follows (mg/kg body weight per day): PM10 = 1.10E-02 (Garbero et al. 2012) , As = 3.00E-04 (US EPA 2016), Cd = 1.00E-03 (Yang et al. 2016) , Ni = 2.06E-02 (Taiwo et al. 2016) , Pb = 3.52E-03 (Taiwo et al. 2016) , NO 2 = 1.10E-02 (Garbero et al. 2012) , C 6 H 6 = 4.00E-03 (US EPA 2016).
Combined carcinogenic and non-carcinogenic risk rates
To estimate the total carcinogenic risk (Rt) of the inhalation of many pollutants at the same time, the sums of separate risk rate values were calculated, in accordance with equitation (4).
To estimate the total non-carcinogenic risk of the inhalation of many pollutants at the same time, the hazard index (HI) parameter was used. It was calculated in accordance with equitation (5) (US EPA 2007):
where 1-n: specified pollutants in the air.
3 Results and discussion
Estimated daily intake
Our daily intake rates, calculated from inhalation exposure ( Table 2 ), indicated that the rates were higher in the case of women as compared to men. Based on the allowed values, specified in the Polish Regulation of the Minister of the Environment concerning the levels of certain substances in the air of 24 August 2012 (published in Dz.U. 2012, Item 1031) (see Table 1 ), the maximum safe intake rates were calculated. It was found that the actual intake of polluted air inhaled by adults, children, and infants was higher than the maximum safe rates identified at the locations of all monitoring stations for PM10 and BaP (however, the BaP measurements were conducted at 2 stations only). The No such excess, however, was found in the cases of Pb, As, Cd, Ni, and C 6 H 6 . We should mention here, that the evaluation of the risk concerning trace elements was based only on the measurements of PM10 contents, without taking into account the remaining dust fractions or actual inhaled dust quantities. As to the remaining polycyclic aromatic hydrocarbons (PAH) monitored in the air, the said Polish Regulation does not specify the allowed values, although the relevant concentrations were similar to those of BaP. When analysing the intake rates calculated for the mean values of particular types of pollution in Kraków, it was found that the daily intake rate was higher than the maximum safe rate, in the case of PM10 by 55% higher among adults and 54% among children and infants, while that of NO 2 was by 11% higher among adults and 10% among children and infants. In the case of BaP, the excess of the maximum safe daily rate amounted to 773% among men, 806% among women, 813% among children, and 820% among infants.
Carcinogenic risk of outdoor air inhalation
Based on the calculated intake rates and taking into account the Slope Factor (SF) values (see Sect. 2.2.2 above), carcinogenic risk rates (R) were calculated. Various levels of carcinogenic risk have been adopted in different countries, based on the still ongoing modifications of the methodology, however in practice of many countries the risk level values from 1.00E-04 to 1.00E-06 are acceptable. It means that there is the social approval for the one additional case of cancer from per 1000 to per 10,000 people in studied population, depending on the country. Moreover, the risk level of 1.00E-03 is definitely unacceptable and such a situation requires corrective actions intended to reduce that level. Since no inhalation-exposure risk-estimation procedure has been implemented in Poland and we do not have legally determined acceptable risk levels, this study assumes, relying on a conservative risk estimation, one additional case of cancer occurrence in the population of one million people (1.00E-06) as an acceptable risk level. Unacceptable risk levels were found in our research on carcinogenic pollution in the cases of As(PM10), Cd(PM10), C 6 H 6 , BaP, BaA, BbF, BkF, BjF, and DBahA among adults, children, and infants at all the monitoring stations that tested the respective pollution types (Table 3) . However, in case of the last five mentioned pollutants the measurements were made only at one monitoring station (Kurdwanów Housing estate). Calculated in our research carcinogenic risk values correspond to studies of Cohen (2000) and Vineis et al. (2004) , who points the role of above mentioned air pollutants in lung cancer occurrence. An unacceptable risk level was also found for Pb at the Kurdwanów Housing Estate station in the case of children, infants, and women: 2.23E-06, 1.61E-06, and 1.09E-06, respectively. The highest mean carcinogenic risk values for the city of Kraków were found in the following sequence: among men: C 6 H 6 : 8.19E-05, BaP: 8.18E-06, As(PM10): 6.12E-06, Cd(PM10): 3.61E-06, Pb(PM10): 7.42E-07, and Ni(PM10): 4.33E-07; women: C 6 H 6 : 9.79E-05, BaP: 9.77E-06, As(PM10): 7.30E-06, Cd(PM10): 4.31E-06, Pb(PM10): 8.86E-07 and Ni(PM10): 5.18E-07; children: C 6 H 6 : 2.00E-04, BaP: 2.00E-05, As(PM10): 1.49E-05, Cd(PM10): 8.81E-06, Pb(PM10): 1.81E-06, and Ni(PM10): 1.06E-06; and infants: C 6 H 6 : 1.44E-04, BaP: 1.44E-05, As(PM10): 1.07E-05, Cd(PM10): 6.35E-06, Pb(PM10):1.30E-06, and Ni(PM10): 7.62E-07.
We should emphasize that the calculated carcinogenic risk values do not entail all types of pollution because not all pollutants are tested at the monitoring stations. Besides, the SF values may not be available for all the stations in the toxicological databases, and those are indispensable for the relevant calculations.
Non-carcinogenic risk of outdoor air inhalation
Based on the calculated intake rates and taking into account the reference values of RfD doses (see Sect. 2.2.3 above), hazard quotient (HQ) values were calculated. Non-carcinogenic risk means all adverse health effects in the organism, excluding cancer, caused by exposure factors. The allowed non-carcinogenic risk is such for which HQ \ 1. However, if HQ [ 1, health risk appears and is the larger the higher numerical value is attained by HQ (Lemly 1996) . The values of HQ [ 1 determine unacceptable risk, and, in such cases, it is definitely necessary to implement corrective actions intended to reduce the risk level.
Medium risk level was established at all the monitoring stations in Kraków for the non-carcinogenic pollutants tested, in the case of adults, children, and infants, in respect of the exposure to inhalation of PM10. For NO 2 the risk was medium in the case of children and infants, and for adults in the case of Krasińskiego Av. and Dietla Str. stations (Table 4 ). The calculated risk was low at all the monitoring stations in the case of adults, children, and infants for C 6 H 6 , as well as, in case of adults at et al. (2002) stated the dependence between increase of respiratory allergic diseases and increase of outdoor air pollution. We should mention that the calculated non-carcinogenic risk rates do not entail all the types of pollution, because not all of them are measured at the monitoring stations, or otherwise the RfD toxicological parameters may not be available at all the stations. Such values are, however, required for calculations.
Combined carcinogenic and non-carcinogenic risks
The total value of carcinogenic (Rt) and non-carcinogenic (HI) risk is presented in Table 5 . The highest total value of the carcinogenic risk (Rt) for all the six stations in Kraków, resulting from inhalation exposure to polluted air, was determined in respect of children (3.04E-04), followed by infants (2.22E-04), women (1.45E-04), and men (1.22E-04). In all the subpopulations, the values exceeded the acceptable risk levels. When analysing the total carcinogenic risk at particular air-quality monitoring stations, it was found that risk was the highest, in respect of all the subpopulations, at Kurdwanów Housing Estate, followed by Nowa Huta district, and Krasińskiego Av. The highest total value of the non-carcinogenic risk (HI) for all the six stations in Kraków, resulting from inhalation exposure to polluted air, was determined, similarly to carcinogenic risk figures, in the following sequence: children (6.53), infants (4.70), women (3.19), and men (2.67). In all the subpopulations, the HI value indicated medium risk level related to non-carcinogenic pollution exposure. When analysing total non-carcinogenic risk at particular air-quality monitoring stations, it was found that the risk was the highest, in respect of all the subpopulations, at the station located at Krasińskiego Av., followed by those at Dietla Str., Nowa Huta district, Kurdwanów Housing Estate, Złoty Róg Str., and Piastów Housing Estate.
We should mention that the calculated risk values are certainly underestimated. That may be due to several reasons. First of all, not all the pollutants are tested by the Regional Environmental Protection Inspectorate systems and each pollutant may not be tested by all the monitoring stations. Consequently, we obtain only general data, as it is the case of dust, for which the PM10 and PM2.5 fraction concentrations are tested, but no toxicological data are available in respect of the pollutants that are currently the most serious (Marzouni et al. 2016) . Thus, risk estimations are not feasible. The situation is worse when specific types of pollution are not subjected to the standards adopted by legal regulations concerning air quality. It also should be emphasised that between various exposure factors interactions exist when the total risk is analysed (Heng et al. 2008) . Moreover, in case of the air different meteorological relationships may occur that will affect the final risk value (Jerrett et al. 2007; Tan et al. 2016) . However, except mean concentrations of selected pollutant measured in the six air-quality monitoring stations, no other information were available. This only points the lack of very important information to need to be analysed in the best interest of inhabitants.
The knowledge of the chemical and mineralogical composition of the deposited dust under discussion is also indispensable for a comprehensive evaluation of risk and determination of possible negative health effects (Hofmann 2000) . As mentioned by Dziugieł et al. (2012) , the data concerning dust concentration in a cubic metre of air are of paramount importance because they allow to determine the actual quantities of inhaled particulate matter.
Another failure of adequate determination of risk values for particular places results from the fact that the airquality monitoring stations are distributed only over six locations in Kraków. Consequently, the results obtained at those stations have to serve fairly large areas and they may not be adequate for particular places subjected to investigation (Bayraktar et al. 2005) .
Another issue concerns lack of measurements of specific types of pollutants and of their concentrations indoors. Presently, calculations refer to atmospheric air pollution concentration values. However, people spend most of their time rather indoors (mainly at work and at home), where pollution and pollutant concentrations are different than those outdoors (Guo et al. 2004) . Therefore, determination of people's time of staying outdoors and indoors, as well as the types of pollution and pollution concentration would allow to obtain much more realistic risk estimations.
It is also essential to characterise the investigated populations accurately, with e.g. determination of actual population parameters (Ma 2000) . The following parameters would be essential for the determination of inhalation exposure: age, body weight, lung surface area, health condition and life style (including e.g. smoking or exercise), and the time of staying indoors and outdoors. Such data can significantly change the values of the calculated risk either way. Because all of the above mentioned information have to be analysed at the same time there is the necessity of usage of the appropriate statistical modelling. Such research are popular worldwide using advanced statistical modelling (Kaya and Kahraman 2009; Bartoletti and Loperfido 2010; Yu et al. 2011; Chien and Bangdiwala 2012; Wang and Chen 2015; Benis et al. 2016) . Unfortunately in Poland such research have not been performed yet. Actual health risk values are so essential because human health and life are of paramount importance, and, on the other hand, once the allowed risk parameters are exceeded, it will be necessary to implement expensive corrective actions designed to reduce the risk rates down to acceptable levels.
Conclusions
The risk assessment presented in this paper has been formulated only as an estimation owing to incomplete data. Still, it demonstrates that the existing health risk results from inhalation exposure to polluted air affecting the residents of Kraków, and the estimated risk rates are claimed to be rather underestimated.
Unacceptable risk levels were identified for specific carcinogenic types of pollution in respect of all the studied subpopulations, under the formula of C 6 H 6 [ BaP [ As(PM10) [ Cd(PM10) [ Pb(PM10) [ Ni(PM10). The total carcinogenic risk (Rt) rates were estimated for the following residents of Kraków: children: 3.04E-04, infants 2.22E-04, women: 1.45E-04, and men: 1.22E-04. The risk rate was the highest at the air-quality monitoring station located at os. Kurdwanów, followed by those of Nowa Huta district and Krasińskiego Av.
Medium risk level was established at all the monitoring stations for the non-carcinogenic pollutants tested, in the case of adults, children, and infants, in respect of inhalation exposure to PM10. For NO 2 the risk was medium in the case of children and infants, and for adults in the case of Krasińskiego Av. and Dietla Str. stations. The calculated risk was low at all the monitoring stations in the case of adults, children, and infants for C 6 H 6 , as well as, in case of NO 2 for adults at Kurdwanów Housing Estate and Nowa Huta district stations.
The total risk (HI) of non-carcinogenic substances was rated medium and ranged as follows: 6.53 for children, 4.70 for infants, 3.19 for women, and 2.67 for men. This paper further indicates what types of data would be required to obtain from the air-quality monitoring system for the health risk evaluation procedures as realistic as possible. The health risk assessment procedures have a good chance to be implemented as health protection tools. Consequently, the corrective action plans adopted on the basis of such procedures will be able to improve the air quality in Kraków which is something the residents really expect and care for.
